Retinal structures may serve as a biomarker for dementia, but longitudinal studies examining this link are lacking.
D ementia is a major cause of morbidity and mortality among elderly populations worldwide. 1 Alzheimer disease (AD) is the most common type of dementia, characterized by the accumulation of misfolded amyloid-β and tau protein in the brain during a long preclinical period. 2 Studies have
shown that the accumulation of amyloid-β deposits also occurs in the retina of patients with AD and in mouse models of AD. 3, 4 Hence, these findings not only underpin the involvement of the retina and the visual pathways in AD pathology, but also show the potential to use retinal structures as a biomarker for AD.
5-7
In recent years, noninvasive optical imaging techniques have increasingly been used to study neurodegenerative disorders of the eye, such as macular degeneration and glaucoma, as well as neurodegeneration in the brain. In particular, optical coherence tomography (OCT) provides an excellent opportunity to visualize retinal nerve tissue in vivo with biopsy-like precision (spatial resolution, <10 μm) and to detect neuro-axonal degeneration. Several cross-sectional studies using OCT have shown that patients with AD have thinner retinal nerve fiber layer (RNFL) and ganglion cell-inner plexiform layer (GC-IPL) compared with controls. [8] [9] [10] [11] [12] Additionally, recent studies have shown that thinner RNFL and GC-IPL were associated with magnetic resonance imaging markers of brain atrophy, suggesting that neuronal damage indeed occurs simultaneously in the retina and throughout the brain.
13,14
Although cross-sectional studies have suggested that retinal thinning may serve as a biomarker for dementia, it remains unclear whether retinal thinning precedes the occurrence of dementia or occurs once the disease has become clinically manifest. Longitudinal studies examining the link between retinal layers and incident dementia are lacking and are crucial to disentangle the temporal relation. Therefore, we investigated the association of RNFL and GC-IPL thicknesses on OCT with prevalent and incident dementia in a general adult Dutch population.
Methods

Study Population and Setting
This study was embedded within the Rotterdam Study, a prospective population-based cohort study among individuals 45 years or older, residing in Ommoord, a district in Rotterdam, the Netherlands. 15 The Rotterdam Study has been approved by the medical ethics committee according to the Population Study Act, executed by the Ministry of Health, Welfare and Sports of the Netherlands. All individuals gave written informed consent. The cohort started in January 1990 (n = 7983) and was extended in February 2000 (n = 3011) and February 2006 (n = 3932). Follow-up examinations took place every 3 to 4 years. In September 2007, spectral-domain OCT scanning was added to the protocol and was performed at the fifth follow-up of the first cohort, the third follow-up of the second cohort, and in about half of the individuals at the first visit of the third cohort ( Figure 1) .
A total of 5065 individuals were eligible for OCT scanning. Individuals were excluded if they did not undergo OCT scanning or had ungradable OCT scans owing to poor-quality scans. We also excluded individuals with age-related macular degeneration, glaucoma, hypertensive or diabetic retinopathy, myopia (<−6 diopter), hyperopia (>6 diopter), optic disc pathology (ie, tilted optic disc, ischemic optic neuropathy, and peripapillar atrophy), and other eye pathology (eg, macular hole, macular edema). Next, we excluded individuals with a history of clinical stroke, who underwent insufficient dementia screening, who did not provide informed consent to access medical records, with Parkinson disease, and with multiple sclerosis. These exclusions resulted in 3289 individuals (64.9%) for analysis with the RNFL, and in 2998 individuals (59.2%) for analysis with the GC-IPL, from which primarily the right eye (3126 [95%] for RNFL and 2827 [94%] for GC-IPL measurements) was chosen for further analysis. From the macula toward the optic nerve, the RNFL becomes thicker, whereas the GC-IPL becomes thinner. Therefore, we measured the RNFL in the peripapillary region and the GC-IPL in the perimacular region as these layers are the thickest in those regions.
Retinal Layer Thickness
From September 2007 to June 2012, participants underwent complete eye examination including visual acuity, refraction, slitlamp examination, and retinal imaging. Retinal imaging (ie, fundus photography and OCT scanning) was performed on both eyes of each participant after pharmacological mydriasis according to a standard protocol. This resulted in a well-illuminated fundus, which is required for good visible retinal structures. Fundus photographs were graded for the presence of any retinal lesions. Hence, eyes with pathology that could potentially affect the OCT measurements were assessed and excluded. Eyes were scanned with the spectral-domain OCT-1000 (Topcon) with 2678 in sample I and 2390 in sample II. From August 2011 onwards, this device was replaced with the spectral-domain OCT-2000 owing to an update following the start of the study, with 611 in sample I and 608 in sample II. The macula and optic nerve head were scanned in the horizontal direction in an area of 6×6×1.68 mm with 512 × 512 × 480 voxels (using OCT-1000) and 6×6× 2.30 mm with 512 × 512 × 885 voxels (using OCT-2000), enabling us to detect structures with 5-μm resolution ( Figure 2 ). Peripapillary RNFL thickness was measured automatically by Topcon's built-in segmentation algorithm. This was done in 12 peripapillary segments of 30°each, and the mean RNFL thickness was derived from the calculation circle. For the macula, volumes were segmented using Iowa Reference Algorithms, version 3.6 (available at https://www.iibi.uiowa.edu/content/shared-softwaredownload). The intersession repeatability of segmentations and agreement between OCT devices of this algorithm has been previously validated.
16,17 Macular GC-IPL thickness was measured in 9 regions of the Early Treatment Diabetic Retinopathy Study Grid, and the mean thickness was calculated. Indices of quality control were used to preserve goodquality images (high signal, low noise) and to exclude scans with segmentation errors. We followed published recommendations on quality control according to the OSCAR-IB consensus criteria (O, obvious problems including violation of the protocol; S, poor signal strength defined as <15 dB; C, wrong centration of scan; A, algorithm failure; R, retinal pathology other than multiple sclerosis-related; I, illumination; and B, beam placement) and APOSTEL guidelines (Advised Protocol for OCT Study Terminology and Elements). 18, 19 Scans included in our study had a segmentability index of 30% or more and an undefined region of 20% or less (measures of segmentation/algorithm failures), and a quality factor of 30 or more (measure of signal strength). These quality metrics have been described previously. 17, 20, 21 At the beginning of the study, only the right eyes (n = 883) were scanned owing to time constraints. To maintain consistency, we chose primarily the right eye.
Dementia
Participants were screened for dementia at baseline and subsequent visits to the study center, using the We transformed the distribution of all tests to a normal distribution and calculated z scores. We used the g factor for global cognition, ie, a standardized compound score that is calculated using the principal component analysis in which for tests with multiple subtasks, only 1 subtask was included to pre- 
Statistical Analysis
Statistical analysis is presented in the eMethods in the Supplement. Briefly, in cross-sectional analysis, we assessed the association of RNFL and GC-IPL with prevalent dementia using logistic regression. In longitudinal analysis, we excluded individuals with prevalent dementia at baseline (at time of OCT scanning) and assessed the association of RNFL and GC-IPL with the risk of developing dementia and AD using Cox proportional hazards regression model. We adjusted the crosssectional and longitudinal analyses for the same set of covariates (ie, covariates that are generally considered to be important confounders for dementia). Assessment of covariates is presented in the eMethods in the Supplement. In model 1, we adjusted for age, sex, subcohort, and education. In model 2, we additionally adjusted for systolic blood pressure, diastolic blood pressure, blood pressure-lowering medication use, body mass index (calculated as weight in kilograms divided by height in meters squared), total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, and smoking. All analyses were performed at the significance level of .05 (2-tailed) using SPSS, version 21.0 (IBM Corporation). [57%] women) were included in the analysis with GC-IPL thickness. Table 1 shows the baseline characteristics of the study population. Compared with individuals included in the analysis, those who were excluded were substantially older, had a worse cardiovascular risk profile, and had higher prevalent dementia cases. Table 2 shows the association of retinal layer thickness with prevalent dementia. Thinner GC-IPL was strongly, but not substantially, associated with prevalent dementia (model 1: odds ratio per SD decrease in GC-IPL, 1.38 [95% CI, 0.99-1.92]). For RNFL, the odds ratio was 1.06 (95% CI, 0.78-1.43). Mean thickness (μm) with age-and sex-adjusted mean difference of individuals with and without dementia was 92.71 vs 95.36; −2.38 (95% CI, −7.24 to 2.48) for RNFL and 66.31 vs 70.46; −2.22 (95% CI, −4.79 to 0.33) for GC-IPL. We did not find significant differences in RNFL and GC-IPL thicknesses between the left and right eyes (eFigure in the Supplement). According to the Clinical Dementia Rating Scale, most prevalent dementia cases were classified as moderate dementia (60% [25 of 61]), whereas most b Age-and sex-adjusted mean differences (P < .05).
c Body mass index is calculated as weight in kilograms divided by height in meters squared. eTable 2 in the Supplement shows the association of retinal layer thickness in quartiles with incident dementia. Individuals in the lowest quartile of RNFL thickness had a higher risk of developing dementia compared with individuals in the highest quartile (HR, 2.58; 95% CI, 1.38-4.83).
eTable 3 in the Supplement shows the association of retinal layer thickness with prevalent and incident dementia after adjusting the retinal layers for each other. Pearson correlation between RNFL and GC-IPL was 0.328. Using measurements from primarily the left eyes, the unadjusted HRs per SD decrease were 1.51 (95% CI, 1.23-1.85) for RNFL and 1.10 (95% CI, 0.86-1.39) for GC-IPL.
When combining the retinal layers (ie, RNFL plus GC-IPL), the unadjusted odds ratio was 1.12 (95% CI, 0.79-1.58), indicating some interaction between the retinal structures, and the unadjusted hazard ratio was 1.46 (95% CI, 1.17-1.83) showing that the association was primarily driven by RNFL. Of all dementia cases, 6 (sample I) and 5 (sample II) cases were preceded by a stroke, for both samples, a median 2.5 years before diagnosis of dementia. After censoring for stroke, the associations of RNFL thickness with all dementia and AD, if anything, became stronger, adjusted HR for dementia and AD: 1.56 (95% CI, 1.28-1.89) and 1.50 (95% CI, 1.23-1.83), respectively.
eTable 4 in the Supplement shows the associations of retinal layer thickness with cognition. In general, thinner RNFL and GC-IPL were associated with various cognitive tests, but these associations were not consistently seen on follow-up.
Discussion
In this prospective population-based cohort study, we found that thinner RNFL was associated with a higher risk of developing dementia, including AD, independent of cardiovascular risk factors. Thus far, evidence for retinal involvement in AD pathology comes primarily from histopathological studies, in which postmortem specimens were examined. Those early studies have shown that people with AD had substantial loss of retinal ganglion cells and thinner RNFL compared with controls.
26,27 Subsequently, clinicalbased studies have consistently observed RNFL thinning among patients with AD using optical imaging techniques in vivo. 8,9 Advances in OCT technology allow us to observe the retina in greater detail, enabling automated segmentation of other retinal layers as well. Hence, studies have shown that patients with AD had, apart from thinner RNFL, also thinner GCL-IPL compared with cognitively healthy controls, suggesting that thinner GC-IPL is accompanied by thinner peripapillary RNFL. 10-12 However, owing to the cross-sectional nature of these studies, it remained unclear whether thinner retinal layers preceded the clinical manifestation of AD or were only seen after a diagnosis had been made. In line with findings from previous studies, we found that particularly thinner GC-IPL tend to be statistically significantly associated with prevalent dementia. More importantly, our study is the first that shows an association between thinner RNFL and the risk of dementia, including AD, to our knowledge. In patients with dementia, damage to brain regions covering the visual tract may cause retrograde degeneration of the optic nerve by affecting the neuronal connections of the visual tract. Subsequently, this neurodegenerative process may manifest itself in the retina initially as thinner RNFL, after which thinning of the GC-IPL follows. A 2016 study has shown that a reduction in GCL-IPL at baseline was associated with AD progression as measured by the Clinical Dementia Rating Scale.
11 Hence, given our findings, it is possible that thinner GC-IPL is reflecting more advanced stages of AD pathology. However, an important question remains why thinner RNFL was not associated with prevalent dementia with a similar ef- fect magnitude as the GC-IPL. Apart from loss of power owing to smaller number of prevalent dementia cases, we speculate that the time-course when dementia occurs might play a role. For instance, damage to the optic nerve causes swelling and gliosis formation of the axons. [28] [29] [30] In fact, there appears to be a time delay between optic nerve degeneration and retinal ganglion cell loss, during which swelling or gliosis formation of structures can occur, and after which structural losses become more evident. Another possibility might be that differences in characteristics between those included and excluded may have introduced selection bias in the crosssectional analyses and thus may underlie the lack of an association between RNFL and prevalent dementia. In contrast, in the longitudinal analyses, selection bias was not an issue because our follow-up for incident dementia was virtually complete. Furthermore, that we did not find an association of RNFL with prevalent dementia, but several clinical-based studies did, may be due to publication bias. Future meta-analyses on this topic should include a funnel plot. Apart from retrograde degeneration as a possible explanation for our findings, another explanation might be that a common pathogenesis underlies the association between RNFL and dementia. Studies have observed the accumulation of amyloid-β deposits both in the retina and brain of transgenic mouse models and corroborated those findings in postmortem studies in patients with AD. 3, 4, 31, 32 Although exact mechanisms that underlie the formation of amyloid plaques are unknown, factors associated with the formation of these plaques such as inflammatory markers and genetic variants, may partly explain our findings. However, we were not able to control for such confounding factors. It should be noted that there is insufficient evidence to conclude whether retinal amyloid plaques are really reflective of dementia pathogenesis, and whether retinal amyloid-β can be used as a diagnostic tool for dementia.
33
To this end, future studies are needed. While we exclusively have shown an association of RNFL and GC-IPL with dementia, thickness of these layers has already been more extensively studied in other neurologic disorders, particularly multiple sclerosis. Hence, RNFL and GC-IPL thicknesses may provide information on neurodegeneration in general rather than specifically on dementia.
Further, we observed cross-sectional associations of the RNFL and in particular GC-IPL with various cognitive tests and global cognition, but these associations were not consistently seen on follow-up. However, these longitudinal analyses were hampered by substantial attrition (23%). As participants without cognitive reassessment were on average older and had thinner nerve fiber layers, this may have introduced selection bias that most likely led to underestimation of a true association. In contrast, our dementia follow-up is nearly complete (95% of potential person-years) because of continuous linkage with medical records in addition to in-person screening.
Limitations and Strengths
Several methodological aspects of our study need to be discussed. First, individuals excluded from our study had poor health, resulting in selection of relatively healthy individuals in our analysis. Second, participants were mainly middleclass white individuals, which limits the generalizability of our findings. Another limitation may be that we performed OCT on the right eyes. Studies have suggested that there might be structural and functional differences between eyes.
34 However, we did not find significant differences in retinal layer thicknesses between left and right eyes, but possible explanations for intereye differences may be sampling variability, measurement error, and differences in mydriasis, illumination, refractive error, or signal strength. Moreover, the neurodegenerative process underlying dementia is generalized and should not be limited to 1 eye. Hence, we do not think that differences between eyes will have influenced the associations we found with dementia. Next, we did not use other retinal layers because the reliability of the segmentation for outer layers were poor and the thicknesses were not comparable across the 2 OCT devices. Finally, owing to the relatively small number of incident dementia cases, our current study is underpowered to properly perform prediction modeling for dementia. For dementia prediction, although researchers are in the process of developing such models, there is currently no established prediction models available, such as the Framingham Stroke Risk Score for stroke, but future studies should consider to take retinal structures into account. Strengths of our study include the population-based setting, longitudinal design, and thorough collection of events.
Conclusions
In conclusion, we found that thinner GCL was associated with prevalent dementia and that thinner RNFL was associated with an increased risk of developing dementia, including AD. These findings suggest that thinner RNFL may be a novel biomarker for dementia, specifically for AD. Moreover, there is an opportunity to use OCT in clinical or research settings as an accessible and noninvasive tool to help clinicians or researchers in eligibility determination for clinical trials, in monitoring disease progression or in evaluating treatment response. 
Cruz-Herranz
Statistical analysis
We first categorized the RNFL by taking the median. Subsequently, given an overall cumulative incidence of 3% of dementia in our sample and an of 5%, we calculated a sample size of n=2533 in order to achieve a power of 80% and to detect a hazard ratio of 1.90 (i.e. ratio of the hazard rates of the quantiles for RNFL). In view of this calculation our current sample size (n=3289 and n=2998) is sufficient to examine this association.
We used analysis of covariance, adjusted for age and sex, to assess differences in baseline characteristics between individuals included and excluded from the analysis.
As two different OCT devices were used during the course of the study, we standardized measurements of the retinal layer thickness for each device separately by calculating zscores. Statistical procedures for combining data have been discussed in literature, and pooling raw data from samples have been suggested when the samples are similar.
1,2
Percentage of missing values for all variables was less than 2%, and were imputed using fivefold multiple imputation based on determinant, outcome and included covariates.
Covariates in the imputed dataset had a similar distribution compared to covariates in the non-imputed dataset. All continuous variables were normally distributed. We imputed the covariates, because without imputation, the statistical software performs analysis on complete cases without any missing. Consequently, this lowers the number of dementia cases from 86 to 80. Although missing data is a limitation of the study, in order to make optimal use of our incident cases, we imputed any missing covariate data.
In cross-sectional analysis, we assessed the association of retinal layer thicknesses with prevalent dementia using logistic regression. Using analysis of covariance, adjusted for age, sex, subcohort, and education, we assessed mean differences in retinal layer thickness between individuals with and without dementia. In a subsample where both left and right eyes were scanned, we assessed differences in retinal layer thickness between eyes using a paired t-test. In longitudinal analysis, we excluded individuals with prevalent dementia at baseline (at time of OCT scanning), and assessed the association of retinal layer thicknesses with the risk of developing dementia and AD using Cox proportional-hazards regression. We adjusted the cross-sectional and longitudinal analyses for the same set of covariates i.e.
covariates that are generally considered to be important confounders for dementia. In Model 1, we adjusted for age, sex, subcohort, and education. In Model 2, we additionally adjusted for systolic blood pressure, diastolic blood pressure, use of blood pressure-lowering medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, and smoking. The proportionality assumption in the Cox regression models was tested by plotting the Schoenfeld residuals against follow-up time, which showed no deviation from a horizontal line i.e. the proportionality assumption was satisfied. 3 We also studied the association of retinal layer thickness with dementia and AD by making quartiles of the retinal layers taking the highest quartile as reference. We determined Pearson correlation coefficients between the retinal layers, and investigated the association of retinal layers with prevalent and incident dementia by adjusting the retinal layers for each other.
Also, we investigated the longitudinal associations by primarily using measurements from the left eyes.
Next, retinal layer thicknesses were combined to assess their combined effect. Finally, we investigated the association of RNFL and GC-IPL with incident dementia after censoring for 
